ABSTRACT Sand ßies collected between April 2003 and November 2004 at Tallil Air Base, Iraq, were evaluated for the presence of Leishmania parasites using a combination of a real-time Leishmaniageneric polymerase chain reaction (PCR) assay and sequencing of a 360-bp fragment of the glucose-6-phosphate-isomerase (GPI) gene. A total of 2,505 pools containing 26,574 sand ßies were tested using the real-time PCR assay. Leishmania DNA was initially detected in 536 pools; however, after extensive retesting with the real-time PCR assay, a total of 456 pools were considered positive and 80 were considered indeterminate. A total of 532 samples were evaluated for Leishmania GPI by sequencing, to include 439 PCR-positive samples, 80 PCR-indeterminate samples, and 13 PCR-negative samples. Leishmania GPI was detected in 284 samples that were sequenced, to include 281 (64%) of the PCR-positive samples and 3 (4%) of the PCR-indeterminate samples. Of the 284 sequences identiÞed as Leishmania, 261 (91.9%) were L. tarentolae, 18 (6.3%) were L. donovani-complex parasites, 3 (1.1%) were L. tropica, and 2 were similar to both L. major and L. tropica. Minimum Þeld infection rates were 0.09% for L. donovani-complex parasites, 0.02% for L. tropica, and 0.01% for the L. major/tropica-like parasite. Subsequent sequencing of a 600-bp region of the "Hyper" gene of 12 of the L. donovanicomplex parasites showed that all 12 parasites were L. infantum. These data suggest that L. infantum was the primary leishmanial threat to U.S. military personnel deployed to Tallil Air Base. The implications of these Þndings are discussed.
. As of November 2004, 1,178 cases of cutaneous leishmaniasis had been identiÞed in U.S. military personnel (Lay 2004) . However, this is probably an underestimate, and the actual number of cases as of January 2009 was estimated to be between 3,000 and 5,000 cases (COL P. Weina, personal communication).
A variety of methods have been used for the detection and identiÞcation of Leishmania parasites in sand ßies. One of the earliest methods was the dissection and visual examination of the digestive tract for the presence of Leishmania parasites under a microscope. Although this method is not appropriate for use during military operations because it is time consuming and requires a high level of training, visual observation of Leishmania parasites in the vector remains the best method of conclusively incriminating a particular species of sand ßy as a vector and is still widely used (Adini et al. 1998 , Rossi et al. 2009 ). The development of immunological methods in general, and the enzyme-linked immunosorbent assay (ELISA) in particular, revolutionized the Þeld of vector diagnostics (Beier 2002) . The ELISA assay has been widely used to evaluate sand ßies for the presence of Leishmania parasites (Adini et al. 1998) . Although ELISA assays are capable of testing large numbers of arthropods very rapidly, they are not routinely used during military operations because of the amount of equipment required and reliance on a cold chain. The need for assays that could be readily used for vector surveillance in areas without extensive laboratory facilities and/or a cold chain (e.g., during military deployments) led to the development of a series of hand-held immunochromatographic assays used for malaria (Ryan et al. 2001 ) and arbovirus (Ryan et al. 2003) surveillance. The Walter Reed Army Institute of Research (WRAIR, Silver Spring, MD) and VecTOR Test Systems (Thousand Oaks, CA) recently initiated efforts to develop a hand-held assay for the detection of Leishmania parasites in sand ßies.
Although hand-held immunochromatographic assays are ideal for Þeld use, speciÞcity and sensitivity of the assays can be lower than desired. Polymerase chain reaction (PCR) assays are typically highly sensitive and speciÞc and can serve as stand-alone screening assays or as conÞrmatory assays. PCR assays targeting a wide variety of genes or genomic sequences have been widely used to detect Leishmania parasites in sand ßies (Paiva et al. 2006 , Rossi et al. 2009 ), and in some cases are capable of detecting as few as three parasites in a single sand ßy (Aransay et al. 2000 , Michalsky et al. 2002 . Traditional PCR equipment has become cheaper, lighter, and easier to use; however, requirement for gels, multi-step procedures, and the risk of contamination still preclude routine use under Þeld conditions. The development of ßuorogenic or real-time PCR assays has overcome many of the limitations of traditional PCR and offers great potential for use during military deployments. Real-time PCR assays have recently been used to detect Leishmania spp. parasites in sand ßies in Italy (Gó mez-Saladn et al. 2005) and Iraq (Coleman et al. 2006 ).
We have previously described the general situation that the U.S. military encountered at Tallil Air Base (TAB), Iraq, in March 2003 and discussed the factors that led to the establishment of a Leishmaniasis Control Program by the 520th Theater Army Medical Laboratory (TAML), the Army 787th Preventive Medicine Detachment, and the Public Health Section of the 407th Expeditionary Medical Support Unit (Coleman et al. 2004 (Coleman et al. , 2005 (Coleman et al. , 2006 . We subsequently described the general biology of phlebotomine sand ßies at TAB to include species diversity and temporal and geographic distribution of the sand ßies , as well as an evaluation of methods for the collection of sand ßies . In this study, we report our efforts to detect and identify Leishmania parasites in sand ßies collected at TAB.
Materials and Methods
Collection of Sand flies. Methods used for the collection of sand ßies have been described previously (Coleman et al., 2006 . In brief, sand ßies were collected in unbaited CDC miniature light traps (model 512; John W. Hock Company, Gainesville, FL) beginning in April 2003 and continuing thru October 2004. Traps were placed at 1800 hours local time and collected by 0800 hours the following day. On return to the Þeld laboratory, collection cups containing the sand ßies were placed in a Ϫ70ЊC freezer to kill the sand ßies. Sand ßies were separated by sex, and the numbers of male and female sand ßies were recorded. Ten percent to 15% of the female sand ßies and 95% of the male sand ßies were placed in cryotubes containing 70% ethanol and shipped to the WRAIR where randomly selected specimens were identiÞed to species. Eighty-Þve percent to 90% of the female sand ßies and 5% of the male sand ßies (included as negative controls) were placed in pools of 1Ð20 (separated by sex) in cryotubes containing 100% ethanol for subsequent testing for Leishmania parasites using a realtime (ßuorogenic) PCR assay. These samples were stored at Ϫ70ЊC until tested.
DNA Extraction. The QIAamp DNA Mini Kit (catalog 51306; Qiagen, Valencia, CA) was used to extract DNA from pools of sand ßies. Procedures used were as follows. Ethanol from each vial was removed with a pipette, and 180 l of ATL buffer was added to each vial. Sand ßies were triturated using a mortar and pestle until no discernible parts were visible. Twenty microliters of Proteinase K was added to each tube, and the tube was vortexed for 15 s and incubated at 56ЊC for 12 h. The tube was brießy centrifuged to collect the liquid into the bottom of the tube, and 200 l of AL buffer was added, followed by vortexing for 15 s and incubation for 10 min at 70ЊC. Two hundred microliters of 100% ethanol was added, and the tube was brießy vortexed and centrifuged, after which the contents of each tube were placed in a QIAamp Spin Column and centrifuged at 8,000 rpm for 2 min in a microcentrifuge. The QIAamp Spin Column was placed in a clean 2-ml collection tube, and 500 l of AW1 buffer was added followed by centrifugation at 8,000 rpm for 2 min in a microcentrifuge. The QIAamp Spin Column was placed in a clean 2-ml collection tube, and 500 l of AW2 buffer was added, followed by centrifugion at 13,200 rpm for 3 min in a microcentrifuge. The QIAamp Spin Column was placed in a clean 2-ml collection tube, and 50 l of AE buffer was added, followed by incubation at room temperature for 5 min and centrifugion at 8,000 rpm for 1 min in a microcentrifuge. An additional 50 l of AE buffer was added to the QIAamp Spin Column, followed by incubation at room temperature for 5 min and centrifugion at 8,000 rpm for 1 min in a microcentrifuge. Each tube containing Ϸ100 l of sample was labeled and stored at 4ЊC if the PCR was to be performed within 3 d or at Ϫ20ЊC if the PCR was to be performed Ͼ3 d later.
Real-time PCR Assays. Samples were initially tested using a Leishmania-generic real-time PCR assay developed by Wortmann et al. (2001) . The assay was modiÞed so that each reaction contained one puReTaq Ready-to-Go PCR bead (Amersham Biosciences, Piscataway, NJ), 6 mM MgCl 2 , 800 nM of each primer (LEIS L1, LEIS U1), 120 nM of probe (LEIS P1), and 2.0 l of template DNA. Samples with a mean cycle threshold (Ct) value of 40 were considered negative. Approximately 10% of negative samples were randomly selected and retested using the same real-time PCR assay. Samples with a mean Ct value of Ͻ40.0 were considered potentially positive and were retested at least one additional time. Samples that tested positive the second time were considered "presumptive positives" (positive both times tested), whereas samples that tested negative the second time were tested a third time. Samples testing positive on this third test (positive two of three times tested) were considered "presumptive positives," whereas samples that tested negative the third time (positive one of three times tested) were considered indeterminate (i.e., could not determine whether they were true positives or true negatives). A summary of the algorithm for determining the infection status of the sand ßies is presented in Fig. 1 .
Three separate laboratories conducted real-time PCR testing including the TAML, an Air Force Biological Assessment Team (BAT), and the WRAIR. The TAML and the BAT were located at TAB, whereas the WRAIR is located in Silver Spring, MD. Although the same Leishmania-generic real-time PCR assay described above was used by each of the three laboratories, the assay was run using a different instrument at each laboratory including a Smartcycler used by WRAIR, a Lightcycler (Roche Diagnostics, Basel, Switzerland) used by the TAML, and an R.A.P.i.d. used by the BAT.
Conventional PCR. Samples that tested positive for Leishmania DNA using the genus-speciÞc real-time PCR assay were further characterized using conventional PCR. Two markers were chosen to characterize and differentiate Leishmania species: glucose-6-phosphate-isomerase (GPI) and a putative intergenic spacer informally named "Hyper."
A 360-bp fragment of GPI was ampliÞed. A Þrst-round PCR primer set and a second-round nested PCR primer set were selected based on the only Leishmania GPI sequence (accession number X78206) contained in GenBank at the time of the primer design. The four primers used included LM21 F (exterior forward: 5Ј-GCA AGA CAT TCA CTA CAC AGG-3Ј), LM24R (exterior reverse: 5Ј-GGT GAA TGA GCT GGT AGA ATG-3Ј), LM22 F (interior forward: 5Ј-CGT TGC CCT ATC GAC CAA CAC-3Ј), and LM23R (interior reverse: 5Ј-CCT TTG CCG TTG CTC TCC ATG-3Ј). The Þrst and second round PCR reactions were conducted as follows. Each 25-l reaction contained one puReTaq Ready-to-Go PCR bead (Amersham Biosciences, Piscataway, NJ), 10 pmol of each primer, and 2 l of template DNA, either Leishmania DNA as puriÞed above or 2 l of the Þrst round PCR reaction. Cycling conditions for all reactions included an initial denaturation at 94ЊC for 2 min followed by 35 cycles of denaturation at 94ЊC for 30 s, annealing at 50ЊC for 30 s, and extension at 72ЊC for 45 s, with a Þnal extension at 72ЊC for 7 min. Reactions were performed using an MJ-Research PTC-100 Thermal Cycler (MJ Research, Watertown, MA). Appropriate negative (water) and positive controls were included in all reaction sets. Positive samples were veriÞed on a 1.5% agarose gel containing ethidium bromide by visualization of a band of the expected size using a transilluminator.
"Hyper" seems to be an intergenic region ßanked upstream by a gene encoding a GTP-binding protein and downstream by a gene encoding a protein of unknown function in L. braziliensis (Fu et al. 1998) , L. infantum (Peacock et al. 2007) , L. major (Ivens et al. 2005) , and several other Leishmania species (Moulton et al., unpublished data). The entire spacer region was ampliÞed and sequenced using primers positioned at the 3Ј end of the GTP gene (5Ј-GCACGAGGA-CATCTGCCTCG-3Ј) and the 5Ј end (5Ј-GCTT-GCGTGCCTCGGGGTACTT-3Ј) of the downstream gene. Comparisons between sequences from a handful of strains of both L. donovani and L. infantum (including a putative L. chagasi) showed no intraspeciÞc polymorphism and 10 putative species-speciÞc differences: 9 point mutations and a single nucleotide insertion/deletion. The Ϸ600-bp region sequenced in this study was ampliÞed using visceral LeishmaniaspeciÞc primers (5Ј-CGTGCAGTGGCGCAG-3Ј and 5Ј-YGCTCGAACAAAAAGM-3Ј) and possesses four substitution (all transitions) differences and one point deletion/insertion event between L. donovani and L. infantum/chagasi (Moulton et al., unpublished data) .
DNA Sequencing. All samples for which GPI was successfully ampliÞed using conventional PCR were either sequenced at the U.S. Army Medical Research Institute of Infectious Diseases (USAMRIID) at Ft. Detrick, MD, or under commercial contract to Agencourt Biosciences (Beverly, MA). In brief, procedures for sequencing were as follows. The PCR ampliÞcation product remaining after gel electrophoresis was puriÞed using the QIAquick PCR puriÞcation kit (Qiagen) according to the manufacturerÕs instructions. Automated sequencing was performed using an ABI 3100 genetic analyzer and a Big-Dye v1.1 or v3.1 sequencing kit (PE Biosystems, Foster City, CA) according to the manufacturerÕs instructions. Primer, excess nucleotides, and buffer were removed from the Big-Dye sequencing reaction by eluting the material from a Sephadex G-50 (Amersham Biosciences) column equilibrated with water.
Sequencing of "Hyper" was conducted at the University of Tennessee and differed procedurally as follows: PCR products were electrophoresed in 1% agarose, excised from the gel, and puriÞed using a QiaQuick Gel Extraction Kit (Qiagen); sephadexcleaned sequencing reactions were electrophoresed through a 6% polyacrylamide gel using an MJ Research BaseStation 100 Automated DNA Sequencer (BioRad, Hercules, CA) and analyzed using Cartographer 1.2.7 software; and sequences from opposing strands were reconciled and veriÞed for accuracy using Sequencher 4.2.2 (Gene Codes, Ann Arbor, MI).
Phylogenetic Analysis. GPI sequences were aligned using the MegAlign program (Lasergene analysis software; DNASTAR, Madison, WI), and sequence ends were trimmed to a uniform length. Phylogenetic analyses of aligned sequences were performed using the ClustalW method (Higgins et al. 1996 ) with a gap penalty of 15 and a gap length of 6.66. The phylogenetic tree generated by MegAlign is a rooted tree with the number of substitution events indicated at the bottom of the tree. Bootstrap replication was used to evaluate the strength of the clustering analysis. Unknown sample sequences were compared with sequences determined for known culture isolates and to other sequences present in GenBank.
Results

Leishmania-generic
Real-time PCR Assay. A total of 2,505 pools containing 26,574 sand ßies collected at Tallil Air Base was tested using a Leishmania-generic real-time PCR assay (Table 1) . These pools included 2,479 pools containing 26,177 female sand ßies and 26 pools containing 397 male sand ßies (included as negative controls). The species of sand ßies contained in each pool were not determined; however, prior studies indicated that Phlebotomus papatasi Scopoli, Phlebotomus alexandri Sinton, and Sergentomyia spp. were the predominant sand ßies collected at TAB ). The TAML and the BAT tested 700 and 173 pools, respectively, in Iraq, whereas 1,840 pools were shipped to the United States and were tested at the WRAIR in Silver Spring, MD. The pools tested at the WRAIR included 180 pools that had been previously tested by the TAML and 28 that had been tested by the BAT.
A total of 1,969 pools (78.6% of all pools tested) were negative for Leishmania DNA (Table 1) , including 1,943 pools containing 19,569 female sand ßies and all 26 pools containing 397 male sand ßies. A randomly selected sample of 192 (9.8%) negative pools was retested using the same real-time PCR assayÑall of these pools were negative on retesting. A total of 536 pools (21.4% of all pools tested) containing 6,608 female sand ßies tested positive for Leishmania DNA using the real-time PCR assay. Each of these pools was subsequently retested. After all retesting was completed, a total of 456 pools were considered positive, a One hundred eighty pools were tested by both WRAIR and the TAML, and 28 pools were tested by both WRAIR and the BAT. Ct, cycle threshold.
and 80 pools were considered indeterminate ( Table  1 ). Assuming that only a single sand ßy in each pool was positive, the minimum Þeld infection rate was 2.33% (456/19,569) . In addition to the above studies, we also tested a total of 290 individual sand ßies that had been identiÞed to species (P. papatasi, P. alexandri, or P. sergenti) or genus (Sergentomyia). Four of 114 (3.5%) P. alexandri tested positive using the Leishmania-generic real-time PCR assay. Unfortunately, we were unable to determine the species of parasite using either sequencing or a real-time PCR assay speciÞc for parasites that cause visceral leishmaniasis. All other individual sand ßies, to include 77 Sergentomyia spp., 94 P. papatasi and Þve P. sergenti, were negative when tested using the real-time PCR assay.
Agreement Between Real-time PCR Results Obtained by Different Laboratories. Because three separate laboratories were involved in the testing of sand ßies, we evaluated agreement between PCR results for all samples that were tested at multiple laboratories (Table 2) . A total of 180 samples were tested by both the WRAIR and the TAML and 28 by the WRAIR and the BAT. All 28 samples tested initially by the BAT using the R.A.P.i.d. and subsequently by the WRAIR using the Smartcycler were positive for Leishmania at both laboratories. Although there were signiÞcant differences (paired-samples t-test: P Ͻ 0.001, t ϭ 4.819, df ϭ 27) in the mean Ct values obtained by the two laboratories; there was a strong positive correlation (r 2 ϭ 0.86, PearsonÕs correlation) between the results obtained by the two laboratories (Table 2) .
Of the 180 samples initially tested by the TAML using the Lightcycler, 25 were considered negative, 124 were positive, and 31 were indeterminate (Table  2 ). All 25 negative samples were also negative when retested by the WRAIR. Of the 124 samples that were considered positive when tested by the TAML, 114 (92%) were also considered positive when retested by the WRAIR; however, 7 (6%) were considered negative and 3 (2%) were indeterminate. Although there were signiÞcant differences (paired-samples t-test: P Ͻ 0.001, t ϭ 5.836, df ϭ 123) in the mean Ct values obtained by the two laboratories; there was a strong positive correlation (r 2 ϭ 0.84, PearsonÕs correlation) between the results obtained by the two laboratories (Table 2) . Of the 31 samples considered indeterminate by the TAML, 19 (61%) were negative when retested by the WRAIR, whereas 8 (26%) were considered positive and 4 (13%) were considered indeterminate. There was a poor correlation (r 2 ϭ 0.05, PearsonÕs correlation) in the results obtained by the two laboratories for these samples.
Analysis of the GPI Gene. A total of 35 known species/strains of Leishmania served as references for identiÞcation and phylogenetic analysis of Leishmania DNA extracted from pools of sand ßies (Table 3 ). In 
No Ñ VL, visceral leishmaniasis; CL, cutaneous leishmaniasis; MC, mucocutaneous leishmaniasis. addition, DNA from three species of phlebotomine sand ßies Lutzomyia longipalpis (Lutz and Neiva), P. papatasi, and Phlebotomus argentipes (Annandale and Brunetti) that had been colonized at the WRAIR served as negative controls. These laboratory-reared sand ßies repeatedly tested negative for the presence of Leishmania DNA using the real-time PCR assay. A conventional PCR assay that was designed to amplify a 360-bp section of the GPI gene was used to generate PCR products for sequencing from 532 pools of Þeld-collected sand ßies, to include 13 negative pools, 439 Leishmania-positive pools, and 80 Leishmania-indeterminate pools (using the real-time PCR assay; see Table  4 ). Seventeen of the 456 samples that were considered positive after real-time PCR analysis were not available for sequencing, primarily because of insufÞcient sample.
PCR ampliÞcation and subsequent sequencing were successful for 524 (98%) of the 532 pools evaluated (Table 4) . Leishmania GPI was detected in 284 (53%) of the pools, including 281 (64%) of the 439 PCRpositive samples and 3 (4%) of the 80 PCR-indeterminate samples. Leishmania GPI was not detected in any of the 13 PCR-negative samples or in any of the laboratory-colonized sand ßies. Although the PCR ampliÞcations and sequencing were successful for the remaining 240 samples, the sequences did not match any known Leishmania sequences. However, 232 of these sequences had Ͼ80% homology to the GPI gene from Anopheles gambiae str. PEST (GenBank accession no. XM 320366), and 8 were a close match to other non-Leishmania GPI sequences. The Anopheleslike sequences were detected in 92% (12/13) of the PCR-negative pools, in 84% (67/80) of the PCR-indeterminate pools, and in 100% (6/6) of the laboratory-colonized sand ßies; however, these sequences were only detected in 35% (153/439) of the real-time PCR-positive pools (Table 4) .
A phylogenetic comparison of the different sequences determined for the Leishmania parasites detected in the sand ßy pools is presented in Fig. 2 . The species identities of the Þeld samples were determined based on a cluster analysis and comparison to the sequences determined for known Leishmania parasites. A representative sampling of the Anopheles-like sequences is included in this cluster analysis. Of the 284 sequences identiÞed as Leishmania, only 23 were from medically important species: 18 (6.3%) were L. donovani-complex parasite sequences, 3 (1.1%) were L. tropica (Wright) sequences, and 2 (0.7%) contained sequences that were similar to both L. major and L. tropica (Table 5 ). These latter parasites are henceforth referred to as L. major/tropica-like. Minimum Þeld infection rates (assuming a single infected ßy per positive pool) were 0.09% for L. donovani-complex parasites, 0.02% for L. tropica, and 0.01% for the L. major/tropica-like parasites. The overwhelming majority (261; 91.9%) of isolates were identiÞed as L. tarentolae Wenyon, a Leishmania parasite normally associated with gecko lizards (Wallbanks et al. 1985 , Elwasila 1988 .
Because of the fact that many of the samples that tested positive for Leishmania DNA using the Leishmania-generic real-time PCR assay failed to yield Leishmania-GPI sequence data, we compared the realtime PCR Ct values against the sequencing data obtained for the same sample (Table 6 ). As the mean Ct values increased (weaker reaction), the proportion of samples that resulted in the identiÞcation of Leishmania-GPI sequences decreased, whereas the proportion of other non-Leishmania-GPI sequences increased. For example, 99% of the samples with a mean Ct value of Ͻ26 matched known Leishmania spp. sequences, whereas only 3% of the samples with a mean Ct value of Ն38 matched any known Leishmania spp. sequences (Table 6) .
Analysis of the "Hyper" Gene. Because analysis of the GPI gene could not differentiate between L. donovani and L. infantum, we subsequently sequenced a 600-bp region of the intergenic region "Hyper" from 12 samples that sequencing of the GPI gene had identiÞed as L. donovani-complex parasites. Sequencing of the "Hyper" gene indicated that all 12 of these samples contained L. infantum, but not L. donovani, as evidenced by the presence of all Þve putative L. infantumÐspeciÞc mutations (four substitutions, one point deletion/insertion) and no L. donovaniÐspeciÞc mutations, either alone or in conjunction with those of L. infantum (i.e., polymorphisms would indicate co-presence).
Temporal Distribution of Leishmania-infected Sand Flies. Fig. 4 . The 18 pools that contained L. donovani-complex parasites were collected at nine different locations, including several areas where high densities of U.S. military personnel were located. Infection rates at the different locations ranged from a low of 0.04% to a high of 0.43%. The combination of the temporal and the geographic data suggests that L. donovani-complex parasites are widely distributed at TAB.
Interestingly, all three pools of sand ßies in which L. tropica was detected were collected from the same light trap on 3 May 2003 (Fig. 4) . Because this was somewhat surprising, a more thorough evaluation of the data are provided for the sand ßies that were collected in this trap. This trap was placed Ϸ5 m from a house and was not located near any caves or burrows of potential reservoir animals. Of the 700 sand ßies collected on 3 May, 625 were separated into 91 pools and tested using the real-time PCR assay. Thirteen of the 91 pools initially tested positive for Leishmania. However, after retesting, Þve pools were considered presumptive positives, whereas eight were considered indeterminate. Samples for all 13 of these pools were subsequently sequenced. L. tropica was detected in three of the Þve presumptive positive pools and L. tarentolae in a fourth presumptive positive pool. Leishmania-GPI sequences were not detected in any of the eight indeterminate pools or in one of the Þve presumptive positive pools. Although all three L. tropicaÐ positive pools were detected during the same realtime PCR assay run, the Þrst positive sample was separated from the second positive sample by 6 negative samples, whereas the second positive sample was separated from the third positive sample by 19 nega- a The determination as to whether the initial real-time PCR assay result was positive, negative, or indeterminate was based on retesting of the sample using the same real-time PCR assay, as outlined in Figure 1 . tive samples. These data suggest that these were true positive pools and that they did not result from the cross-contamination of samples.
Sand fly Infection Rates Month Sand flies Collected
Both sand ßy pools that contained the L. major/ tropica-like GPI sequences were collected from the same light trap; however, one sample was collected on 21 June 2003 and one on 30 June 2003 (Fig. 4) . One of two pools collected on 21 June and one of 19 pools collected on 30 June tested positive by both real-time PCR and sequencing for the L. major/tropica-like GPI sequences. The fact that the two L. major/tropica-like samples were detected on different days and that a number of samples adjacent to both of these positive samples were negative suggests that both of these samples represent true positives and that they were not the result of cross-contamination during either the DNA extraction process or the real-time PCR procedure.
The geographic distribution of L. tarentolaeÐin-fected sand ßies is presented in Fig. 5 . L. tarentolae was detected in sand ßies collected throughout TAB, with infection rates ranging from a low of 0.12% to a high of 2.61%. Sand ßies infected with L. tarentolae were not collected at the site where the L. tropica--infected sand ßies were collected; however, they were collected in all locations where sand ßies infected with L. major and L. donovani-complex parasites were found.
Discussion
In this study, we provided the Þrst in-depth examination of Leishmania infection rates in sand ßies collected at Tallil Air Base, Iraq. Although our data have direct relevance for those military personnel who were actually stationed at TAB, our conclusions may have a bearing on all military personnel deployed to Iraq.
Visceral Leishmaniasis at TAB. Our data showed that parasites that cause visceral leishmaniasis (e.g., L. donovani-complex parasites) posed a threat to military personnel stationed at TAB in 2003 and 2004. Our data also showed that L. infantum s. str. was the only L. donovani-complex parasite detected at TAB. Although the overall minimum Þeld infection rate for the L. donovani-complex parasites was only 0.09%, the rate was much higher at certain sites and at certain times of the year. For example, at one site, the overall rate for 2003 and 2004 was 0.43% (Fig. 4) ; however, the rate for July 2003 was 1.0% (2/198). At another site, the overall rate was 0.41%; however, the rate for May and June 2003 was 1.43% (1/70) and 1.64% (1/61), respectively. Although our procedures did not allow us to determine whether these infected sand ßies were capable of transmitting L. donovani-complex parasites or whether they were feeding on humans, a number of facts suggest that individuals living at TAB were at risk. These facts include the following: (1) as many as 1 of every 61 ßies collected at certain sites/times at TAB was infected with L. donovani-complex parasites; (2) many military personnel living in areas where L. donovani-complex parasites were detected reported being bitten by sand ßies, with some units reporting up to 75% of the soldiers receiving up to 1,000 bites in a single night (Coleman et al. 2006) ; (3) Phlebotomus alexandri, a suspected vector of L. infantum in the Middle East (Azizi et al. 2006) , was the primary species of sand ßy collected at TAB and accounted for 30% of all specimens collected ); (4) P. alexandri is known to readily feed on humans (Azizi et al. 2006) ; and (5) many canids, including feral and semidomesticated dogs and golden jackals (Canis aureas L.), were found throughout TAB and could have potentially served as disease reservoirs (Gramiccia and Gradoni 2005) .
Historically, visceral leishmaniasis in Iraq was most commonly diagnosed in the Greater Baghdad area and was not considered a threat in the southern part of the country. However, since 1991, the disease has been reported in areas where it was previously unknown or very rare, to include the Thi-Qar Governate, the province where TAB is located (World Health Organization, 2003) . Between 1989 and 2001, the reported incidence of visceral leishmaniasis in Iraq ranged from a low of 2.6 per 100,000 (491 total cases) in 1989 to a high of 20.0 per 100,000 (3,866 total cases) in 1992 (World Health Organization 2003) . Iraqi physicians in An Nasiriyah, a small city located Ϸ20 km to the northeast of TAB, reported that visceral leishmaniasis caused by L. infantum has been a growing problem since the late 1990s, with several hundred children hospitalized each year (COL P. Weina, personal communication). Visceral leishmaniasis caused by L. donovani has not been reported in this area. This information suggests that the L. donovani-complex parasites identiÞed in sand ßies collected at TAB are likely L. infantum and not L. donovani. Our analysis of the "Hyper" gene of 12 of the 19 L. donovani-complex positive samples conÞrms that L. infantum was present at TAB.
To date, only three military personnel deployed to Iraq since 2003 have developed visceral leishmaniasis, with none of these three individuals known to have spent time at TAB. Nevertheless, we believe that dozens or even hundreds of individuals stationed at TAB may have been exposed to parasites that cause visceral leishmaniasis, recognizing that exposure does not constitute infection. The fact that more symptomatic cases have not yet occurred in deployed military personnel is not unexpected because visceral leishmaniasis caused by L. infantum has historically been considered a disease of young children who are malnourished and/or immunocomprimized (Fenech 1997) . Iraqi physicians in An Nasiriyah reported that 95% of the cases of visceral leishmaniasis in the region occur in malnourished children who are Ͻ1 yr of age, with 99% of the cases occurring in children Ͻ5 yr of age (COL P. Weina, personal communication). In the Mediterranean basin, symptomatic visceral leishmaniasis in adults is almost exclusively a result of concomitant infection with L. infantum and human immunodeÞciency virus (Fenech 1997, Dedet and Pratlong 2000) . The fact that deployed military personnel are presumably healthy, well-fed, immune-competent adults suggests that the risk of developing symptomatic visceral leishmaniasis is low; however, a number of factors suggest that there may be potential longterm concerns involving the disease. Although L. infantum primarily exists as an asymptomatic infection (Le Fichoux et al. 1999 , Sakru et al. 2007 ), asymptomatic carriers can become symptomatic after suppression of their immune system (Dedet and Pratlong 2000) . The high rate of asymptomatic L. infantum infections in the Mediterranean basin (Le Fichoux et al. 1999 , Riera et al. 2004 , Sakru et al. 2007 ) only became apparent as a result of an outbreak of symptomatic visceral leishmaniasis infections that resulted from concomitant HIV infections (Molina et al. 2003) . The visceral leishmaniasis outbreak led to an increase in surveillance and detection of the asymptomatic visceral leishmaniasis infections. A variety of data suggest that Leishmania parasites can persist in the body for life, even after successful treatment of symptomatic individuals (Bogdan and Rö llinghoff 1998) . Morales et al. (2001) reported the detection of L. infantum in the blood of HIV-infected patients for several years, whereas Svobodova et al. (2003) found that asymptomatic laboratory rats harbored L. tropica for several years. These data suggest that individuals asymptomatically infected with parasites that cause visceral leishmaniasis at TAB could develop symptomatic leishmaniasis at a later date or, even if remaining asymptomatic, could serve as a reservoir capable of infecting other individuals through a variety of mechanisms. Leishmania parasites are a known threat to the blood supply (Cardo 2006 ) and can be transmitted through blood transfusions (Dey and Singh 2006) . Although Colomba et al. (2005) found that none of 500 blood donors in Italy had anti-Leishmania antibodies, Riera et al. (2004) reported that sera from 7.6% of randomly selected blood donors in Spain tested positive by Western blot for parasites that cause visceral leishmaniasis, whereas Le Fichoux et al. (1999) found that sera from 76 of 565 (13.5%) blood donors in southern France contained Leishmania-speciÞc antibodies, including nine serum samples (1.65%) that were positive by culture. In addition to the well-documented threat to the blood supply, a limited set of data suggests that Leishmania parasites can be transmitted congenitally in mice , dogs , and humans (Eltoum et al. 1992 , Meinecke et al. 1999 ). Riera and Valladares (1996) also showed the presence of viable L. infantum parasites in the urine and semen of experimentally infected dogs. In addition to the potential threat of person-to-person transmission through any of these mechanisms, asymptomatically infected military personnel could potentially infect sand ßies present in the United States, although little information is available regarding the ability of North American sand ßies to transmit L. donovani-complex parasites. Canine leishmaniasis caused by infection with L. infantum has emerged as a signiÞcant problem in the United States (Rosypal et al. 2003 ), yet the role of endemic sand ßies in its maintenance and transmission has not been elucidated (Ostfeld et al. 2004 ). However, Svobodova et al. (2003) found that asymptomatic laboratory rats were capable of infecting sand ßies for several years after being infected with L. tropica. To date, no comparable studies have been conducted with L. infantum.
Although it is impossible to determine what proportion of the infected sand ßies at TAB was capable of transmitting Leishmania, the fact that sand ßies infected with L. donovani-complex parasites were found throughout much of TAB suggests that the threat to military personnel may have been widespread (Fig. 4) . Likewise, although the exact number of individuals actually exposed to parasites that cause visceral leishmaniasis may never be determined, because there are currently no FDA-licensed tests that can be used to assess exposure, these data suggest that undetected, asymptomatic visceral leishmaniasis may pose a future problem for U.S. military personnel who deployed to Iraq.
Cutaneous Leishmaniasis. To date, all but three of the Ͼ2,000 cases of leishmaniasis reported in U.S. military personnel deployed to Iraq since 2003 have been cutaneous leishmaniasis caused by L. major (COL P. Weina, personal communication). The majority of these cases occurred in personnel stationed along the Iranian border northeast of Baghdad or in the vicinity of Tal Afar in Northern Iraq. Although it is difÞcult to determine the exact number of cutaneous leishmaniasis cases that were acquired in the vicinity of TAB, the infectious diseases physician assigned to the TAML estimates that Ͻ25 cases of cutaneous leishmaniasis occurred at TAB (COL P. Weina, personal communication) . Of the 284 pools of sand ßies in which Leishmania parasites were conÞrmed by sequencing, only three pools were positive for L. tropica and two for a parasite that is similar to both L. major and L. tropica. Because L. tropica was only detected in sand ßies collected from a single trap on 3 May 2003, this suggests that the parasite was much more focal than either the L. donovani-complex parasites or L. tarentolae, which were much more widely distributed temporally and geographically. Although we were not able to determine the species of sand ßy that was infected with L. tropica, [mt35% (19/52) of all female P. sergenti identiÞed during the course of this study were collected between 22 Apr and 10 May 2003, with most of these collected within 100 m of where the L. tropicaÐinfected sand ßies were captured. Phlebotomus sergenti is a known vector of L. tropica in the Middle East (Svobodova and Votý pka 2003) and has been found throughout Iraq (Sukkar 1974 , Sukkar et al. 1985 . The detection of L. tropica in sand ßies collected in early May 2003 has prompted speculation regarding the mammalian reservoir that could have served as the source of infection. Although humans are believed to be the primary reservoir of L. tropica in urban areas (Jacobson 2003) , this is probably not the case at TAB because all Iraqi military and civilian personnel had vacated the base by 23 March 2003. Because sand ßies were not active at TAB until midApril, the explanation that adult sand ßies had become infected with L. tropica after feeding on an infected Iraqi in 2002 seems unlikely, because phlebotomine sand ßies are believed to overwinter as eggs and larvae and not as adults (Lawyer and Young 1991) . It is more likely that sand ßies became infected after feeding on an unknown animal. Although animals are believed to be the reservoir of L. tropica in rural areas, the full life cycle is still being studied (Jacobson 2003) , and the reservoir in Iraq is not known. Interestingly, sequences for two of the three L. tropica isolates were 100% identical, with the third isolate being 70% identical to the other two. Because all three isolates were collected on the same day from the same trap, it is possible that the same reservoir may have infected two of the sand ßies, whereas a different reservoir may have infected the third sand ßy. The two L. major/ tropica-like isolates were 100% identical, and the fact that the sand ßies from both positive pools were collected from the same light trap, albeit on different days, suggests that both sand ßies may have fed on the same reservoir. Additional sequence analysis will be necessary to determine the identity of the two L. major/tropica-like parasites and whether they represent a new species of Leishmania or are just a more divergent form of either L. major or L. tropica.
Saurian Leishmaniasis. One of our more surprising Þndings was that L. tarentolae accounted for Ͼ90% of the Leishmania-positive samples identiÞed from sand ßies at TAB, with L. tarentolaeÐinfected sand ßies collected at all sites throughout April to November. Although L. tarentolae has been widely used as a model system for biochemistry and cell biology studies (294 citations in PubMed), very little information is available on the natural biology of this blood-inhabiting protozoan. Additionally, confusion has surrounded the taxonomy of saurian Leishmania in general (Ovezmukhammedov and SafÕianova 1989) and L. tarentolae speciÞcally (Simpson and Holz 1988, Wallbanks et al. 1985) . Overall, very little is known about the transmission of saurian Leishmania (Bates 2007) . Known reservoirs of L. tarentolae are various species of geckos, to include Tarentola mauritanica L., T. annularis (Geoffroy Saint-Hilaire), and Cyrtodactylus kotschyi (Steindachner) (Wallbanks et al. 1985 , Elwasila 1988 , whereas Sergentomyia spp. sand ßies have been implicated as vectors of this protozoan (Maroli et al. 1988) . Abul-Hab and Ahmed (1984) reported that 8 of the 14 species of phlebotomine sand ßies in Iraq belong to the genus Sergentomyia, with some species being the predominant phlebotomine sand ßy in a given area and at certain times of the year. Although no effort was made to collect any reptiles at TAB, several species of small lizards were abundant and presumably served as reservoirs of L. tarentolae. Likewise, although we did not speciate any sand ßies other than Phlebotomus spp., Ͼ45% of all sand ßies collected at TAB were Sergentomyia spp. .
Few studies have reported detection of L. tarentolae in sand ßies. In one study in Italy, Maroli et al. (1988) detected L. tarentolae exclusively in Sergentomyia minuta Rondani. Sukkar (1985) and Sukkar et al. (1985) reported Þnding ßagellates in the anterior midguts of 14 S. baghdadis (Adler and Theodor) and determined that ßagellates in three of the four sand ßies examined were Leishmania spp. Isoenzyme electrophoresis characterization of two of the Leishmania isolates indicated that they were unlike L. infantum, L. donovani, L. tropica, L. major, or L. aethiopica Bray, Ashford, and Bray; however, it was not determined whether they were L. tarentolae.
Because we did not separate Phlebotomus spp. from Sergentomyia spp. before testing, it was not possible to determine whether L. tarentolae was restricted to Sergentomyia spp. sand ßies. However, because Ͼ45% of all phlebotomine sand ßies that we identiÞed at TAB were Sergentomyia spp. , it is likely that most of the L. tarentolae--positive sand ßy pools contained Sergentomyia spp. sand ßies. To further assess whether L. tarentolae was restricted to Sergentomyia spp. sand ßies, in 2005, we began separating Sergentomyia spp. from Phlebotomus spp. before testing. Of 12 pools of Phlebotomus spp. sand ßies that tested positive for Leishmania DNA, L. tarentolae DNA was detected in 11 (92%) pools and L. donovani-complex parasites in 1 (8%) pool, whereas L. tarentolae was detected in all 13 (100%) pools of Sergentomyia sand ßies that had tested positive for Leishmania DNA by using the real-time PCR assay. These data indicate that Phlebotomus spp. sand ßies had acquired L. tarentolae DNA; however, the data does not allow us to determine whether viable parasites were present or whether the sand ßies were capable of transmitting these parasites. Although we did not determine the source of blood contained in any of the Þeld-collected Phlebotomus spp. sand ßies, the data suggest that some of these ßies had fed on an animal infected with L. tarentolae, presumably a lizard.
Comparison of Real-time PCR and Sequencing. In the absence of a true reference, it is difÞcult to determine the validity of a test result. The Leishmaniageneric real-time PCR assay developed by Wortmann et al. (2001) is highly sensitive and speciÞc for cultured Leishmania parasites, including L. major, L. tropica, and L. donovani-complex parasites, with a limit of detection of Ͻ10 parasites. Although comprehensive testing of this assay using laboratory-infected sand ßies at the WRAIR had previously showed that this assay is both sensitive and speciÞc for L. major, before this study we had little data on the performance of this assay for the detection of other species of Leishmania in sand ßies. The data presented in Table 6 suggest that a Ct value that is Ͼ38 but Յ40 should be considered indeterminate, because only 3% of the samples in this range were considered positive after retesting. Assay repeatability increased markedly when Ct values were Ͻ38, with 91% of samples with an initial Ct value between 36 and 37.99 considered positive after retesting and 100% considered positive when the initial Ct value was Ͻ36 (Table 6) .
We had initially hoped that our sequencing results could be used to conÞrm the real-time PCR assay results; however, sequencing only detected Leishmania GPI in 54% (284/519) of the samples that were considered positive or indeterminate by PCR (Table  6 ). There was a clear relationship between the Ct value and the proportion of samples in which Leishmania GPI was detected, with the proportion of samples with Leishmania GPI increasing as the Ct value decreased. For example, Leishmania GPI was only detected in 22% of samples with a real-time PCR Ct value between 34 and 35.99, whereas Leishmania GPI was detected in 99% of samples with a Ct value of Ͻ26 (Table 6 ). Because the sequencing assays relied on nested PCR to generate enough DNA to work with, the nested PCR was probably not as sensitive as the real-time PCR assay for detecting the low quantity of parasite DNA present in the samples. Although we believe that the samples that were positive for Leishmania by real-time PCR but negative by sequencing should be considered true positives as long as the real-time PCR results are repeatable, we also believe that it is critical that a conÞrmatory Leishmania-generic PCR assay be developed. An ideal conÞrmatory assay would be as sensitive as or more sensitive than the original assay; however, would target a different Leishmania gene. Additionally, results from this study highlight the need for a variety of species-speciÞc assays, as well as the need for an assay that could differentiate medically important Leishmania (e.g., parasites that cause visceral leishmaniasis, L. major and L. tropica) from nonmedically important Leishmania (e.g., L. tarentolae).
Summary. In this paper, we highlighted results of our Leishmania surveillance program at TAB, Iraq. Although our recent data identifying L. tarentolae as the predominate species of Leishmania in sand ßies at TAB has tempered our concerns about the high infection rates initially reported in sand ßies (Coleman et al. 2006) , parasites that cause visceral leishmaniasis have emerged as a potential threat to military personnel deployed to TAB. Despite the low number of cases of visceral leishmaniasis reported in U.S. military personnel deployed to Iraq, we suggest that a signiÞcant number of soldiers, airmen, and marines stationed at TAB may have been exposed to parasites that cause visceral leishmaniasis. We believe that an FDA-approved method of assessing exposure of military service members to this parasite is urgently needed.
